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FOREWORD
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Radio Frequency (RF) Mass Gaging Techiique Independen® of Gravity". The work
was administered under the direction of the National A:ronautics arnd Space
Administration Manned Spacecraft Center.
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ABSTRACT

" This report documents the work performed in a positive -gaging system feasibility
study. Three RF techniques of mass gaging were studied, both theoretically and
experimentally, to determine thelr capability to gage the propellants, N204,
Aerozine 50 and MMH, in Apollo or LEM spacecraft tanks.

The theoretical work predicts the response of each technique relative to the
propellants and tanks. The experimental evaluaticn of this theory was performed
using a scale model SPS tank, and a NyO4 simulant. A study was also made ot the
dielectric properties of the propellants over the expected range of operaiing
conditions. Finally, a preliminary specification was made of the system's
expected characteristics any components needed for the flight implementation of
each of the fechniques.,

I
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SECTION |

INTRODUCT 1 ON
p Lt

The Bendix Corporation, Instruments & Life Support Division, respectivety submits
this final report to the Manned Spscecraft Cenier (MSC) to document the progress
made during the period May 15, 196/ to November 15, 1967, on NASA Contract
NAS 9-6751, "To Investigate and Design a Radio Frequency (RF) Mass Gaging
Technique Independent of Gravity". The work performed under this contract is
based on the proposed program pian submitted as a portion of Bendix Pubiication
No. 3564-66, Ravision A, "Technica! Proposs! For Positive Geging System Feasibility
Study", Option A, as modifiad by letter dated Februsry 3, 1967,

The work was divided into twe phoses within the proposed program. During the

first phase, & theoretical snalysis wes perforwmed detailing the measurement of

fuel dielectric properties, and the performence of severa! RF Meusurement Systems
relative to a "worst" Apollo or LEM Spacecraft fuel and tank configuration,
Experimental work was then conducted on a |imited basis to verity the theoretical
predictions or td evaiuste ssasurement tachniques. The experiments to determine
system performance were performud using scele mode! SPS tanks, propellant simulants
and laboratory typs test herdwere.

This report indicates that predictions of full-scain system performence can be
mads by scaiing the results obteined from the mede! tank snd simuiated fue! study
to the actual tank. The pertorsmnte of the system wi'th other fuels in the
particular tenk configuration Is inciuded Yo enable a choice of » bast gaging
technique for & particular tenk and fue! combinetion.

During the cecond phase, A enelysis was mede of potential fa’ 'éia areas and their
eftact on the system perfermence. Thi; snalysis wee of o |imited scope because

of the theoretice! nature eof this study. As such, It is concerned with oniy the
major sources &f faltiure predicted for a sysiem component of & particular class

or principle ot ~perstiesn,

Conclusions en the performancs ef a proposed RF gaging system based on the con-
cepts investigated, and rocommendetions for design, deveiopment and tuture
evaluziion, are made i« this report besed on the results of the ansiysis and
experiments condu: ted during the investigation.
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SECTICON 1
PROGRAM OBJECTIVES

Performance requirements and design objectives for the propel lant mass gaging
system studied during this program were based on the design goals listed beiow:

a) The system will have a mass gaging accuracy of t 0.5% of full
scale, varying linearly to 0.25% of full scale at the 10% full
condition maintaining 0.25% of full scaie down to zero. The
system's maximum response time (for a single measurement) will
be 0.2 second and the system will have a resolution of + 0.1%
of full scale. This accuracy will be maintained under Zero “G"
as well as normal gravity conditions, and under all fiiling and
operating conditions.

b) The system -.ill be compatible with Apotlio or LEM propel lants,
which are N,0,-oxidizer, 50§ UDMH/50% Hydrazine and MMH fuels.

c) The system will be designed to be capable of easy tank installation,
requiring a minimum of modification in existing Apollo or LEM
tank hardware,

d) The system accuracy will be maintained independent of tank
pressure and fluid temperatures of G to 300 psia and +40
to +90°F respectively.

e) To make the systen. compatibie with man-rated applications, the
syst.n will have a design goal of meeting the following vibration
and acceleratien requirements:

Yibration Acceleration
0- ldcps @l g 0+ 12 g's in any direction

i4 - 40 cps & 10 g's
40 - 100 cps @ 20 g's
100 - 2500 cps @ 40 g's

Only an analysis showing compatabiiity wiil be performed to show that
these goals can be met. Testing of the prototypes will not be performed
for this purpose.

f) The system witi have a maximum weight of fiftty (50) pounds, exciuding
interconnecting cables. Every effort will be made to reduce the
system weight below fifty (50 pounds,

g) The system power requirements will ¥ - v 113 DC, | ampere continuous
and will be limited to 5-secen:,5 -+ .+ s,
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h) The system output will be parallel and serial binary signals.

1) The system will be adaptable to a varlety of cy!indrical and/or
spherical tanks or other tank geometries as specified by the
contracting agency. Where the proposed gaging technique does not

satisfy these specified requirements, the effects of the deficiencies
will be detailed.

J) The system will include the capability of providing mass gaging for up
to four separate tanks.

Additional program objectives are covered in the proposal referenced in Section I.

2-2
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SECTION |11

THEORET ICAL STUDIES
INTRODUCT |ON

The operational theory of techniques used to measure propellant mass content

in spacecraft tanks is covered in this section. Also included is a discussion
of analytical techniques used to determine the electrical properties of space-
craft propellants. The mass gaging techniques that are investigated have as a
common characteristic, excitation (by illumination) of the fuel or oxidizer
tanks with energy in the RF region of the electro-magnetic spectrum. Each
technique invastigated, has been shown to have advantages and disadvantages for
a particular fuel or oxidizer because the characteristic responss of each
proposed gaging system depends in a different way on the dielectric and loss
tangent properties. Thus for a particular propellant, where one technique for
mass measurement may show a poor sensitivity, another may have a good sensitivity.
An understanding of these differences can be used to isolate techniques which
give the best sensitivity for each fuel or oxidizer.

Also outlined in this section are the propellants and tank configurations con-
sidered in this study. The results of experiments that were performed to
supplement the theoretical analysis and .evaluate proposed gaging techniques
are presented in Section IV.

FROPELLANT TANKS AND FUELS STUDIED.

The propellant tanks studied were those used on the Apollo or LEM spacecraft.

A particular tank configuration, that of the SPS tanks, was chosen as a "worst"
type, containing the elements shown in Figure 3-1. The tank configuration

was termed worst because of the presence of pipes, screens and the sump region,
which electrically isolated regions of the tank. Another structure included

as a possible tank element, was a bladder used for positive propellant expulsion.
A representative portion of bladder material was obtained from the contracting
agency for evaluation of its effect on the system performance.

The fluids to be used in the tanks were N,0,-oxidizer, 50% UDMH/50% Hydrazine
and MMH fuels. Because of the handling problems associated with these fluids,
the physical and electrical properties of these fluids were simulated using
mixtures of hyc-ocarbon fluids. The simulant fluids were selected to have
electrical properties similar to the actual fuels and oxidizer.

A tank operating region from 0 to 300 psia and +4OO to +900F, was given by MSC
as representative of the Thermog¥namic environment of the oxidjzer and fuels.
A pressure range of | ATM to 10 * torr and temperatures of +40° to +90°F,

was taken as the environment in the equipment bay region,
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Vibration and acceleration were given as follows:
Vibration Acceleration
0- l4cps@lg 0 - 12 g's in any direction
l4 -~ 40 cps @ 10 g's
40 - 100 cps @ 20 g's
100 - 2500 cps @ 40 g's

The fluid mass influx or outflux conditions in the tank were given as those
present for all filling and operating conditions. These were taken as a maximum
c¢f 0.5% of full tank mass change in 0.2 second to agree with the accuracy and
tine response goals.

PROPELLANT PROPeRTIES STUDY

Because the sensitivity of the mass gaging techniques depends on the dielectric
censt~at and loss tangent of the propellants, a knowledge of these propeliant
properties over the frequency and environmental range of interest was vital to
this study. This section details the thorough effort that was made to either
locate availabie information or to measure these dielectric properties.

Literature Search

A search was made of all availabie technical information concerning the
properties of Nitrogen Tetroxide, Aerozine 50 and Monomethyl Hydrazine.

The main sources of physical and chemical properfiﬁs were the reports by the
Aerojet Corporation and the Bell Aerospace Report” but these did not contain
information concerning the electrical properties. In this field, the only
publ ished work of value was authored by G. A. Burns and C. J. Meierbachtol”,
who measured the electrical propec~ties of these fluids, at frequencies of
approximately 100 MHz and 600 MHz. An extract from their report is shown in
Table 3-i. Helix Research, inc. (Burns and Meierbachtol) were employed as
consultants by Bendix, Instruments & Life Support Division to theoretically
investigate the equivalent electrical properties of the fluids at freguencies
in the range of 500 MHz to 4 GHz. An extract of this information is shown

in Table 3-2, These results are for liquids under atmospheric pressure.
There is a variation of dielectric constant and loss tangent with pressure as
well as temperature, and the results should be plotted as a variation of
polarizability.

3,3.2 Electricail Properties as a Function of Frequency and Temperature

In the discussion that follgws, equations are presented without proof in the
interest of hrevity. Debye™ derived the folloving equations based on the
assumption that dipole equilibrium, when an external field is removed, is
attained exponeatially with time,

e' = ¢ + {(3.1)



s
N

where: ¢' and g"

e" =

(e, = £,) O /A))

2
| + (Am/xo)

(3.2)

respectively the real and imaginary parts of compiex
relative dielectric constant (i.e., e* =

the static dielectric constant

e - 1e™)

e: = the value which is asymptotically approached by €' at
wavelengths sufficiently shorter than A to make e"
relatively small

Am = the wavelength corresponding to the I?wes+ resonance

. absorption frequency in the material in question.

ko = the wavelength of the incident radiation.

TABLE 3-1
MEASURED DIELECTRIC PROPERTIES OF PROPELLANTS
MATERIAL FREQUENCY TEMPERATURE DIELECTRIC LOSS
MHz O CONSTANT TANGENT
Aerozine 50 19,69 30 25.79 0.136
22.55 8) 19.66 0.154
23.90 150 17.51 - 0.226
8i.84 30 23.89 0.0393
87.14 - 90 21.07 0.0463
107.68 150 13.80 0.0524
MMH 19.88 -30 25.3 0.0247
22.17 30 20,34 0.0517
24.21 0 17.06 - 90,0817
27.16 150 13.62 0.1066
78.18 -30 26.18 0.0349
85,87 +30 21.70 0.0298
96.03 90 17.35 0.0328
106.26 150 14,17 0.0468
N204 63.76 30 2.46 0.00419
64,96 60 2,37 0.00297
256.60 30 2.43 0.00259
- 258,20 60 2,40 0.00209

3-4
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EXTRAPOLATED ELECTRICAL PROPERTIES OF PROPELLANTS FROM 0.5 TO 4 GHz

MATERIAL FREQUENCY TEMPgRATURE DIELECTRIC LOSS
F CONSTANT TANGENT
Aerozine 50 500 MHZ 40 24,36 .0220
500 MHz 90 20,36 .0332
| GHZ 40 23,96 .0178
I GHZ 90 20,30 .0256
4 GHz 40 23,72 L0130
4 GHZ 0 20.26 L0164
MMH 500 MH2 40 21.00 .0232
500 MHZ 90 {7.48 .028i
I GHZ 40 2i.24 L0176
I GHZ 90 17.78 .0206
4 GHZ 60 21.76 .0133
4 GHZ 20 18.08 .0i52
N204 500 MHz 40 2.428 . 00207
500 MHZ 90 2.368 .00155
! GHz 60 2,434 .00174
i GHZ 90 2.384 .00134
4 GHZ 60 2,442 .00125
6 GHZ 90 2,618 00107

The values for ¢
Mossotti equation:

and e_may be expressed by Debye form of the Clausius-

M 47N
o) 3
M 4 N
0 3

3-5

2
u

(o +—
O 3T

(3.3)

(3.4)
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2
o - the polarizability dus to bond distortion and ng s
polarizability due to dipole orientation
u = the permanent dipole moment
N = Avagadro's number
k = Boltzman's constant
T = the temperature in degrees Kelvin
M = molecular weight
p = density

Two cases may be considered:

2)

b)

Non-Poiar Materials (Materials whose molecuies do not contain permanent

dipoiles). In this case u = 0 and Equations 3.3 and 3.4 result in

€y T Ege Here the lowest resonance absorption frequency falls in the
iRfrared region and is due to molecuiar bond oscillations as shown in
Figure 3-2,

When such is thg case, €, may be set equal to the square of the index

of refraction n”, Iin Equa+|ons 3.1 and 3.2. IT may be seen from
Equations 3.1 and 3.2 that the variation of €' and €" due to changes

in temperature and pressure are due only to the fact that p is a function
of T and P Coefficients of thermal expansion and compressibility may

be found in the |iterature.

Polar Materials (Materials whose moiecules contain permanent dipoles)

In this case the lowest absorption frequency falls in the microwave
region and is due to dipole orientation in the external field as shown
in Figure 3-3. Under this condition Equations 3.3 and 3.4 lold as they
are written., A problem arises in evaluafing e, however, since generally
a_ is not known. The best solution is to dlrecfly measure it at
frequencies sufficiently high to insure that the condition in the
definition of €  following Equation 3.2 Is met. Other methods might

be to measure €_ in the solid state where the permanent dipoies are
effectively "frdzen in", and do not .contribute to the polarization or,
measure ¢ at sufficnenfiy high temperatures to insure cancellation of
dipole orientation in the external field by the tendency toward random
orientation due to thermal motion.

I+ may be seen from Equation 3.3 that when a permanent dipole exists,
the portion of the polarizution due to dipole orientation,is an inverse
function of the temperature. Solving Equation 3.3 for Am , we have:

e - ¢!

A = A ( ————) (3.5
! - €,

Eve: when € and €_ are known either from Equations 3.3 and 3.4, or

from experiment, €' is stiil some unknown function of temperature.
Therefore, even if e' were known for the entire radio frequency spectrum
at a given temperature, the value of A at some new temperature cannot

be predicted without at least one measurement of €' at the new temperature.
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3.3.3

Simulation ot Electrical Properties of Propellants

i+ Is desirable to be able to approximate the dielectric constant and loss
tangent of certain propellants by room-temperature mixtures that eliminate
hand!ing problems. They may be done by mixing a polar liquid (high dielectric
constant) with a nonpolar liquid (reiatively low dlelectric constant). By
chdosing proper proportions in the mixture, temperature and frequency, almost
any desired combination of dielectric constant, €' and loss tangent may be
obtained, provided they fail somewrere between the values of the constituent
ITquids.

Equations 3.3 and 3.4 may be rewritten for such mixtures as:

2
e - | Cu

0 _ 4nN U

e“-‘=4“N(ﬁa+c ) (3.7)
e, +2 3 % T % '

where C, and C, are the mole fractions (moles per unit volume) of the polar
and nonpolar |Tquids respectively.

t may be shown that Equations 3.1 and 3.2 may be modified for such a case
as:

2 (e +2) (¢ + 2)
e‘ - 4ﬂc N. o) Q_ (3.8)
" 27 kT
A 2 (e + 2)2
m 0
| + 5 5
Ao (eo + 2)
450 N2 (eo + 2) (c- + 2)
11
£ T - ; (3,9
A (e + 2)
m 0
|+ 5 5
Ao (e' + 2)

where C is the concentration of the polar solute in moles per unit volume.

3=9
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I+ must be noted that the above equations were derived without tegard to so-
called "Solvent Effect". This effect accounts for the measured differences
in the values for dipole moments in gases and in solution. The difference is
czused by the Interaction of the fields of permanent dipoles and by the
induction of dipoles in nonpolar molecules due to fields of nearby permanent
dipcles.

In Equations 3.3, 3.4, 3.6 and 3,7 values for & and u shouid be regarded as
averagm microscopic values at the femperature and concentration in question.
Thus, the previnus assumption that these values ure constanr is true only for

a given mixture. Because of soivent effect, Equations 3.8 and 3.9 are accurate
only for dilute solutions of polar solutes in nonpolar solvents. In more con-
centrated solutions, the equations can only provide approximate porporiions tc
begin experimental mixing to achieve specific values.

It can be shown that from Equations 3.8 and 3.9, a plot of e" against €' gives
a gemicircle with € and ¢ as opposite ends of a diameter on the €' axis,
when the +empera+ur8 and pressure are held constant. Since a circie is defined
by three points, three measurements of e' and e" at relatively wide frequency
spacing should be encugh to define the whole variation ~f €' and " with
frequency. Experimentally, difficulty is found usually because the measure-
ment techniques may have to be dlfferent for each of these frequencies.

Methods of Measurement of Dielectric Constant and Loss Tangent

The wide variation of the electrical parameters of materials used in microwave
work, together with the wide frequency range of the microwave spectrum, means
that there can be no one method of measurement of these parameters, Usually,
methods are chosen from a knowledge of the frequency at which the parameters
are wanted, and estimated values of the parameters. I|f the parameters are
then different from the estimate, the measurement will not work, but a closer
guess can then be made to the values of the parameters, ard a - ~ter methed
chosen.

The initial mcthod of measurement decided upon was a ‘transmission-type
resonant cavity technique, whereby the resonant frequency and the @ of a given
mode are measured when the cavity is empty and when it is filled with the
fluid. This method is suitable for low dielectric constant materiai, and for
low loss materials, For high dielectric constants, very |iitle power enters
the material because of the large impedance mismatch at the input probe, and
for high loss tangents the material abscrbs almest ail of the power which
enters it. Thus, in these cases, +he resonance cannot be seen clearly enough
without special apparatus. As wiil be seen from Paragraph 4.2.1, Section iV,
when this method was rried with N 04 and MMH, no appreclable power transmission
could be obtalned with the cavifigs used, and this indicated either a high
dielectric constant or a high loss tangent for the propellants.

A variation on this method is the use, not of the liquids themselves, but of
mixtures of the fluid with relatively lossless liquids, From the known volume
ratio, the value for an undiluted solution can be found by extrapolation. This
method was tried in the laboratories with Methyl Alcohol diluted with Benzene.
As can be seen from Paragraph 4.2.2, Section 1V, the alcohol was so lossy that

.only concen*rations of a few percent of alcohol could be measured. This would

mean that extrapolation to 100% would be very inaccurate. Because of this,

3~-10
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it was decided to abandon this method. Next, the Roberts~Von Hippel method was
tried. This has been used successfuliy in the laboratory to measure Methyi
Alcohol, which Indicates that it could probably be used to measure Aerozine-50
and MMH, successfully. Another method has been studied which uses sma!l samples
of the fluid to perturb the resonant frequency and Q of a cavity. This is a
useful method for measuring fluids with large dielectric consiant and io.s3
tangents.

The resonant cavity method is one of The most standard methods of measuring
the dielectric properties of fluids with reasonabie electrical characteristics.
Usually, a cylindrical cavity is made from low ioss material, and a particuiar
mode, or set of modes is chosen for study. One or two probes are placed in
sultable positions in the cavity, and with a swept signal generator and an
oscilloscope, the modes are examined. The apparatus may be set up as either
Figure 3-4 or 3-5. The method is quite standard, and may be found in most
textbooks, ,for example, "Techniques Of Microwave Measurement™ by C. G.
Montgomery , but a short outline now follows. A resonant cavity is made so
that a particular mode has a resonant frequency given by:

F=F Ve
o

where F_ is the frequency around which the parameters are to be measured, and

€ is a fough guess of the dielectric constant. Two holes are drifled in the
cavity to take small probes. The hole positions and probe types are chosen for
suitable coupling to the mode. Then, with apparatus such as that shown in
Figure 3-4 or 3-5, the mode is examined. The probes are either reduced in size,
or, in the case of loop antennas, rotated, until the width of the resonance at
the half power points, does not decrease further. The resonant frequency F

and the Q of the resonance are then measured. The cavity is then filled with
the fluid, and the experiment repeated, giving a resonant frequency F2 and a

Q, an Then the dielectric constant € of the iiquid is given by:

Fj 2

e = ( —F—"") (3.10)
2

The Q's are given by:

L |

A Qe

| | i

= +
Q Q Q
2 w(Fz) d(Fz)

3=11
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where: ow(F')

Q
w(Fz)

Q
d(F,)

the Q of the walls of the cavity at frequency Fl

the Q of the waltls of the cavity at frequency F2

the Q of the dielectric at frequency F

2

Quesy = (§>

where o = the electrical conductivity of the metal walls

oL

Then: Qw(F) * F

Thus: s,
WEF « UF )7l

and:
Q « (VEF— )~
w(Fz) ( F2 )
Therefore:
- A=l v -1
Qw (Fz) = Qw (F') FZFI
=o,”" YrF!
| 21
= e-l/4 Q‘-I
Therefore:
-1 _ ~1/4  -I -1
Qz = g Ql + Qd (FZ)

Q4 of the dielectric is related to the loss tangent by:

Qd z tan §
Therefore:
Qz-' = 6-1/4 QI-’ + tan 6
Thus:
tan 6= 9,7 -7/ g (3.11)

Thus, Equations 3.10 and 3.11 give the dielectric constant and the loss
tangent of the dielectric meterial.
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For greater accuracy, the Q of the probe, or probes, may be taken into account by
using slotted line techniques. The slotted |ine is inserted before the input
probe, and the impedance of the probe is measured versus frequency as the
resonance is passed through. This impedance is ploftted on a Smith Chart, and
from this, the Q of the probe may be separated from the Q of the cavity. For
the two probe method, the second probe is terminated in a matched load while
the measurement is made, and then the process is repeated with the other probe
as an input probe, while the first is ferminated in a matched load. By this
method, the Q of the probe ar probes, may be found. These Q's are measured,
both when the cavity is full, and when it is empty, and they are subtracted
from the measured Q's, Q, and Q,, to give more accurate values of Q. and QI’
Three small cylindrical cavities were made, of different dimensions, to cover
the frequency range from 2 to 8 GHz. A computer program was run to find the
resonant frequencies of all of the lower order modes of the cavities. It

was intended to consider the effect of the fluids on a selected few of these
modes. The modes and their respective frequencies are given on Tabie 3-3,

For lossy liquids, measurements may be made by mixing the liquids with a less
lossy liquid, and measuring the final result. By repeating the measurements
with various concentrations, the actual value of the parameters may be obtained
by extrapolation.

A second method that of Von Hippel is probably the most versatile mgthod of
dielectric measurement. Based on a paper by Roberts and Von Hippel™, the method
utilized the measurement of impedance at the surface of the iiquid when piaced
at the end of a short-circuited waveguide. The apparatus is shown in

Figure 3-6. By measuring the voltage standing wave ratio (VSWR), and position
of the minimum of the standing wave pattern, the surface impedance may be
calcutated. From this, and the known thickness of liquid, the dielectric
constant and loss tangent of the liquid may be calculated as follows:

Suppose the liquid thickness is d cm, and the characteristic impedance of the

waveguide is Zo. Then the impedance at the surface of the liquid is given by:

Z =27"' tanh § d
s o

where: Zo’ the characteristic impedance of the waveguide filied
‘ with liquid

8 = the propagation constant in the liquid

b inition: .
Now by definition Jum,
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TABLE 3-3
COMPUTED RESONANT FREQUENCIES OF THREE TEST CAVITIES

CAVITY MODE TYPE | RESONANT FREQUENCY (GHz) EMPTY

5.906" High by 2.954" diameter TE| |, 2.55]
™a10 3.065
TE| |5 3.084
™o 3,224
™12 3.661
TE, |3 3.811
TE, 4.019
™o3 4.29i
TEy 2 4.377
. TE| 14 4,640

3.704" high by Z.954" diametar ™s10 3.065
TE| || 3.084
LW 3.661
TEo 1 4.377
L 4.640
™ 10 4,883
™o, 2 5,042
™, 5,278
L 5,278
L TEs o 5.584
|.476" high by 1.476" diameter ‘TNIO,0 6.130
TE| |, 6.168
™| 7.32l
TEy | 8.753
TE| |5 9.32i
™10 9,767
™2 10,081
TEgy 4 10,555
™, 19,595
T2 th.306

_—" - A
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where: w = the radian frequency -
60 = the propagation constant in air
= JB_ for no loss, where Bo is the phase change per cm In air
My = +he permeabil ity of free space.
Also: . m
o )
Juu
- )
for non-magnetic |iquids.
refore: =y
The . Z-|=J%6
o
Therefore:
=7
ZS Zo tanh &8 d
JB
-7 9 -
= Zo 3 tanh 6 d

This is the impedance at the surface of the liquid. The impedance at the
minimum pogsition is given by:

-l _ - . . -1 -
S = (ZSZo + j tan Bo XO) (+ JZSZO tan Bo XO)

Where S is the VSWR, and X° is the distance from liquid surface to the
minimum position.

This last equation may be written:

-1 _ el . - -1 |
Zszo = (§ = | tan BoXo) (1 «JS ftan Bo XO)

Substituting for zszo‘ gives:

18 8™ tanh & d !

- ¢ o
(§ " - fan By Xo) {l.L-j S  tan By Xo)

or:

-1 Y . ¢ ol
(6d) " tanh 6 d (S§ ° = j tan Bo Xo) (t = j S tan BO XO)

(Jsod)'

or putting B = 2nAg ' where Ag'= gulde wavelength.

g

(607! tanh 6 ¢ = -j (2nd)” (57 - tanan xa T L

i I

(= Js™ tan 21X A T (3.12)

3~18
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Given the minimum position X , and VSWR(S) means that the right-hand side of the
equation can be computed. 1% 1s a complex number, and solutiong to the resulting
complex equation may be found from graphs in Von Hippel's book.  Thus, &d is
known, and since d is known, so is 8§, This is resolved into its real and
imaginary parts, a and B. Then the dielectric constant and loss tangent are
found from the wave guide equations.

ee=[(2 n;'>2 + 82 - o9 (2nxc">‘2 (3.13)

tans = 208l(2m 1% + 6% - ]! (3.14)

where: Aé is the cutoff wavelength of the wave guide.

These are the general equations to find the dielectric constant, and loss
tangent. For relatively low loss material, Equation 3.12 can be simplified
by assuming S tends to infinity, i.e., 1/S is very small., Then:

tanh §&d A 2mX 21X
—— = =L - jtan =2 (1 + ] () tan =2
&d 2nd - g
A ' 21rXo | 2 217Xo
= -] "5%5'( g J tan Ag + §-Tan :

where fterms of the order of (I/S)2 and above have been ignored.

Expanding tanh &d into real and imaginary parts gives:

tanh &d _ tan ad + j tan B8d . |
éd | + j tanh ad tan Bd d (o + jB)

Taking 8§ small gives:

+angd6d (ad + j tan Bd) (I - j od tan Bd) ¢ 2 -218_)
—_— g8 d

Substituting in the previous equation gives:

(oo ~ jB) (ad + j tan Bd) (| - jo d tan Bd)
| 8%

A | 2 21rXo ZnXo
== j 5;%-( 5 sec” - Jj tan A )
g
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Equating real parts gives:
tangd _ _ ta 2% (3.15)
Bd .~ 2md A
g
Equating imaginary parts gives:
(tan Bd * Bd sec Bd) _ _ g o2 o e
82d 2nd S Ag

Equations 3.15 and 3,16 give o and B8, wIThou+ the use of tables, for use
with Equations 3.13 and 3.4,

A third technique of measuring dielectric properties of fluids is the resonant-
cavity perturbation method. |t has been well established by a number of authors
that the resonant frequency of a cavity mode depends in a simple way upon the
real part of the complex dielectr ic constant of the material within the cavity
and the Q of the resonant cavity is simply related to the imaginary part of

the complex dielectric constant. Generally, the mode selected for performing
these measurements is the dominant mode in the particular structure. In this
case, the task is to determine the complex dielectric constants of several
liquids over a frequency range covering 100 MHz to 10 GHz, Clearly, a single
resonant structure will not be able fo tune to resonance over the entire
frequency band of interest, so it will be necessary to construct several
structures to perform the necessary measurements. To minimize the number of
structures required, it is desired to make each structure tune ovar the widest
possible frequency band. This is one fundamental considerction in the speci-
fication.of the structure to be used in performing the measurements. A

second basic factor fo consider is the ease of tuning the resonator structure.
Tuning should be accomplished with little expenditure of ftime, good precision,
and repeatability. A third factor to be considered is the amount of effort
required to prepare and mount the sample in the structure to facilitate the
measurements.

At the lower end of the frequency range of interest, frequencies below 2 GHz,
coaxial resonators can be used., At such frequencies rectangular or cylindrical
cavity resonators become too large to be practical. The emphasis in this
discussion will be on specification of the resonant structures which can be
used to measure the complex dielectric constants of liquids at frequencies
abave 2 GHz,

After careful consideration, 1. ovecomes apparent that a circuiar cylindrical
resonator operating in the TEp;; mode will satisfy most of the restrictions
placed upon the resonator in preceding paragraphs. A structure supporting this
mnde is tunable because the fields are characterized by a half~sine~wave
spatial variation along the ax's of revolution. Tuning can be easily and
quickly accomplished by screwing a meta! slug, which serves as one end wall of
the resonant structure, into and out of the resonator, The liquid samplie could
be placed over the fixed end wall to some depth. A sketch of this structure i3
shown in Figure 3-7, and the fields in Figure 3-8.
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The soft iron backing plate is used to dissinate any unwanted modes in the
resonator. The gap between the tuning slug and the side walls of the resonator
prevents conduction currents from flowing up the sige walls and across the 2nd
walls. This serves to suppress all modes except TEonp resonances.

« siderthe basic cylindrical resonator configuration shown in Figure 3-9. For
modes TM”, the mode equations and the :ave function are:

X p .
TMZ _ np sin né qnz
wnpq_Jn( a ){cos ne cos ( ==
2
E = _.J— iL H = J__B_L
P 9p3z P p 9%
y
| 32 o
Ep = - 24 H o= - —3
9992z ® 9
Y
o2
E, = = (L4 i H, = 0
Y 9z
where: an = the pth root of Jn(X) =0 ,
y = jue ‘

>~y

X ¢ p
CYLINDRICAL RESONATOR COORDINATES
FIGURE 3-9
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For modes Téz, the mode equafions and the wave dunction are:

4
W& 2y <--L-> -""”“ sin (&%)

npq n cos no
2
*3-—“-1-‘ = l i—?f
“o o 0% Ho -
2
o | 9
o =
EO T H5 Zp 9¢92
2
i I Y.
E, =0 Hy = =xe (5= + K72
z
ajn(x)
. . 5! = — =
where: x np Tthan root of I 0
%:Jmu

If one takes into account the gap between the tuning slug, and the side wall
which prevents longitudinal currents from flowing, thus suppresslng H¢ in both
cases, the result is:

™% modes: 9¢/3p = 0.

This means that E 0, and since E¢ and Ez must be zero at p = a, and also
have no variafionpwlfh p, they must*be identically zero. Therefore, these modes
cannot exist in the structure.

2 azw '
TE® modes: Te3z =0

8¢/3z cannot be zero for Te? modes, since such modes must have zero electric
field at z = 0 and z = d. Thus, 3y/3¢ must be zero, this makes E = 0. The
final field equations are: e

x' o -
= 4, .<—-§E-——) sin (9%,'-2-)

V=
=
E# ap )
-3y
Hp - 9poz
2
o 9 2
Hz——-—- (-a-z—+k)w

Z

Now one can determine the resonant frequency of a partially filled resonator
as shown in Figure 3-10.
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The z directed wave impedance Z is defined as:
E - .

Z = - T.{i = - 2 —-é-g.v_La-E.—

z P 37Y/3pdz

sin kZ (d - 2)

L “Jul, !
z =k cos k (d - 2)
Z) Z)
R jwuo sin kZI 2
‘¢ k cos k, z

“4 |

Equating the wave impedances at 2 = & results in the characteristic
equation:

| i .
"% tan kZ (d - %) E——-Tan kZ L
zl | 22 2

One would have fo solve the set of equations:

- k. tan k (d - 2) =k tan k. &
b4 z z z

2 0l 2 _ 2
kz + 3 U= ow H &y
2
X!
2 01 ,2 2
kz' + ( 3 ) WU E
A plot of resonant frequency versus dielectric constant ¢ with fill level as

a parameter should be made to facilitate the |n+erpre+a+|on of the measure-
ments. Determination of the loss term €' would requure measurement of the
unioadsd Q of the resonator.

0= 2nf - [Maximum Energy Stored/Cycle]
[Power Dissipated in the Structure]
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Now: )
[Max Energy Stored/Cycle]l = f/f €lE| dy
J'A
= a 2r % t (2)2 a .2n (1),2 doded
DN S g X |E¢ |“ 3dad¢dz + Ioa EOIE¢ | pdpdedz
= 1 . =
Here €, = €€ ana ¢, €

The power dissipated in the structure =

a 2m % ' (2),2 + 2

Jo Io I, ee' tan 6|E¢ |“ pdpde dz ff|H+| Ry ds

These calculations could be made once kz ’ kz and w were determined and thus
e" would be determined. I 2

A perturbational analysis of this resonator leads fo some useful results.
From the field equations:

X! Xt o
_ 0l 0l . TZ
E¢ = - Jo ( — ) sin 3
is the unperturbed electric field.
Using the perturbation formula:
2 2
w-u, j[](AleOI + Au|HOI )d,
2 2
w ;:(e|Eo| + ulHOI ) dy
One can show that:
W - W )
o . _fe-1D * sinZ 22 4
o} d
w d
o]
w - g
~ e~y & __d _. 2m%
m - ) 5 Z; Sin =5 )
o] d

for small 2/d.
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Set:
and use:

then:

or:

try a 20% fill

This is tro low.

o . (e = 1), d, 218 .3 |
N - ( e ( 3 ) 31 )
o
e (e = n? (23
d
R 3
e ="' (I ~j tan 8)
x N
w T e (i + 70 )
' . .
W = wy + ] 0 e wg [te" = 1) - j ' tans] =3
2
- > ' o T_ %23
w. = w, *u, [(e 7] 3 (3
Lot gan s (Bl (k)3
2~ 3 d
|
LY = e
€ 20, tan § 0
I . 10 8
% Yyooe
0: 3% -2
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Use 10% fill,
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A determination of cavity dimensions may be made as follows.

For a TEp;; mode use:

£, = — [s.ez? e (Eg-)zl 1/2
2ra vYyue
1/2
foo= ! [(3.83)2 + (%9-)2}
| 2ma Yue I
£ = — [(3.8%:)% + (5942 1172
2 2ra ﬁﬂ; 2

Now chosing fr = Zfr’ the equations reduce to:
2

N

2

da
3¢ 5
|

3.83 )2 -
T d

o

2
2

For different values of a/d', a/d2 is given in Tahle 3-4.
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TABLE 34
RESONANT CAVITY PARAMETERS
a/d 4(a/d )2 3 (2832 _ 4 (a/4.)? a/d
| | T | 2
25 .25 4.72 2.17
.5 1.0 5.47 2.34
1.0 4.0 8.47 2.91
2.0 16.0 20.47 4.52
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i0
Choosing fr =2 X IO9 = ;ﬂll{g_ﬂl__

we get the following Table 3-5 for the parameters of the cavity.

[14.7 + 9.85 (a/dl)zjl/z

TABLE 3-5

CAVITY DIMENSIONS FOR 2 GHz OPERATION

a/d| a/dz alem) d?cm|) décm‘)
0.25 2,17 9.32 37.20 4,28
0.50 2.34 9.91 19.80 4.23
1.00 2.91 11.82 I1.82 4,06
2,00 4,52 17.60 8.80 3.90

3.4

These parameters can be used in determining the dimensions of the
cavities.

TECHNIQUE A THEORY

The basis of a mass gaging system that is tc be independent of propellant
location within a spacecraft tank is that the propellant measurement must
be independent of any geometric property of fthe propeilant. The ideal pro-
pel lant mass gaging system for any gravity environment should have the
following characteristics:

a) Each molecule of propel lant should have a uniform influence on
the measurement irrespective of location or grouping.

b) The time rate of change of the molecular distribution of the
propellant mass must not influence the measurement.

c) The measurement must be insensitive to all tank parameter
variations and the effect of secondary propel lant parameter
variations.

In the development of a measurement system for gaging propellants under
zero gravity conditions, the dominant criterla of the system must be the
uniform illumination of the propellant tank with some form of energy. The
measurement of the energy stored in the propelilant tank provides the most
promising system. The energy storage systems measure the propellant mass
by determining the amount of energy stored, the frequency or frequencies
at which it is stored, or the frequency shift caused by using the tanks

as an energy storage element. The principal advantage of energy storage
systems Is that a relatively unlform Illumination of the propeliant tank
is possible in many cases, The type of energy used In these systems varies
across the entire freguency spectrum. The radio frequency band of the
electromagnetic spectrum was chosen as being the most physically real-
izable portion for obtaining uniform 1ltumination of @ propellant tank.
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PARTIALLY FILLED RECTANGULAR. CAVITY"
FIGURE 3-1

Here we have a rectangular cavity (Figure 3-11) for which an analysis of
the loading behavior of a cavity may be made for different orientations
of the interface: .

2 2 o2 w2 ,
kS HEE) (T = e (D) (3.17)
- XI b c r c¢ '
) 2 nmw 2 T 2 w 2
ke + R F ED = - (3.18)
Xo b e [
TMx modes X tan er d = € kX2 tan kx2 (a - d) (3.19)
TEx modes X1 T K 4 =K otk fa - d) (3.20)

half wavelength variations along the y axis

=
>
[
-3
[
=
L]

p = half wavelength variathibns along the z axis
X, = wave number in-medium 2
k. = wave number in medium 2

X5 )

c = speed of |ight
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THEORET ICAL LOAD'NG DEPENDENCE
RECTANGULAR CAVITY: 7.88" x 18" x 32.5"
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€. . tlve dielectric constant

+

"

standing waves In both medla

standing waves tn media 2 only

A computer program based on these equations was developed and the number

of modes determined for the Interface normal to each of the cartesian axis
over the empty to full loading range. The results are shown in Figure 3-12
and are glven In Table 3-6.

1t .Is Interesting to note that the response deviation from one orienta-
tlon to another Is small although the dimensions along which loadings
are taken vary conslderably., Computations of this type were made for
another cavity having two equal sid®s and the results gave a similar
small deviation from one orlentation to another at a glven loading.

An additlonal inslght Into the behavior of a partlally fillied cavity
can be galned by looking at the form of the response curve (loading).
The response curve looking at Flgure 3-12 1s linear. This says that
the effect on the response of an Incremental change in the tank con-
tent is dependent only on this change and not on the dielectric content.
This fact, together with the fact that the curve remains essentially
Invariant with three mutually orthogonal directions of loading, means
that the loading can be s~ilt up Into sialler units and randomly dis-
tributed throughout the tank. That is, 1f a loading Is split up into
M parts, each part will contribute |/M the effect of the whole
regardless of the position of these parts. We can then say, that

on this basis the analysis of the tanks for regular loadlng along

the edges can be extended to cover irregular mass distributions in

the tank.
TABLE 3-6
LOADING DEPENDENCY~RECTANGULAR CAVITY
Fractional | System Resporse
Filling JLto 7.88 in. | Lto 18 In -L.to 35.2 in Volume Dependency
Empty 1419 1419 ' 1419 1423
0.0l 142] 1426 ' 143 143
0.10 1707 1733 1745 {700
0.20 2042 2039 2080 1995
0.30 2392 ' 2388 2417 2300
0.40 2738 2745 2745 2605
0,50 3076 3078 3091 2890
0,60 3400 3412 ~ 3428 3290
0,70 3750 3759 3767 3680
0.80 4087 4093 4095 4020
0.90 4446 4424 ' 4438 4420
1,00 4764 4764 4764 4781
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The fact that the dielectric can be arbitrarily subdivided and not
affect the overall system response has been evidenced by experiments
using paraffin blobs, A flll ftest was made for a clgar-shaped tank
shown In Figure 3-13, and the tests are shown tn Flgure 3-14.

36"

—

N S X

!

|2"

C!GAR-SHAPED TANK
FIGURE 3-13

The test material here was paraffin which has a dielectric constant e
similar to N>Oy ~ The paraffin was made up into arbitrarily shaped pleces

varylng from a fraction of a cubic Inch to 10 cublc inches in vo ume.
As the tank was loades 1t was subjected to tilting to three mutually
perpendicular oriert¢*!- 5, Response deviations at any loading were
equivalent to less {1t = 2% of the full scale tank content. [ can

be seen that the loading cirve for this test was both |inear and
Independent of dielectric content location and size distribution.
Further tests conducted with paraffin on another tank with one end
inverted as in Figure 3-15 gave a simila~'y straight loadirg curve

and an indepandence of position of * ,2%% of full scale as shown
in Figure 3-16.

3-34



Instruments 8
ife Support
visien

Life
Di

G¥Z~89-¥16¢VY dN

0°l

6'0

©-ONITTI4 TYNOI LOVYS

8°0 L0 9°0

60

LAY

¢€°0

20

1°0

PECRIR T b

1

an.

Nidavdvd 0141231310
WNYL 134vdO30VdS 1300W 3OS
v 3NGINHO3L - 1S31 9NI O

00L

00e

0001

00zt

00¢1

00%1

3ISNOJS3Y W3LSAS

FIGURE 3~14

3-35



Instruments &
Life Support

RE-ENTRANT TANK
FIGURE 3-i5

This discussion of the expected loading dependence and relative
independence of propellant relocation or distribution tends to show
that a uniform illumination of the tank interior can be achleved
using proper RF excitation. A non-uniformity of the tank illum-
ination would show up ..s a non-llnearity of the loading curve or
shift in this curve with propeliant movement from region Yo region
in the tank.

Mow the results discussed this far are based on a response prediction
made using the exact electromagnetic field equations. Previous work
In the prediction of the response had been based on the use of a
variational thecry.

The results agree with that derived on an exact basis at empty and
full as ¢ = 0.1, |t gives, however, a non-linear prediction for the
toading dependence as shown in Figure 3-12 and 5-17, Table 3-6. While
the non-linearity is not serious for this example it would be greater
for the higher dielectric constant fluids such as Aerozine 50 or MMH.
Thus an exact formula shouid be used for system response prediction.

For N>04, Aerozine 50 and MMH a predicted response curve is shown iIn

Figure 3-18 for cigdr-shaped cavity similar In shape to the SPS tank
without internal ha.dware.
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SYSTEM RESPONSE
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NORMALIZED SYSTEM RESPONSE
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3.6.1
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The curve for MMH and Aerozine 50 should be ignored past o = .05.

An examination of the higher loading region for MMH and Aerozine 50
should be done using a more exact analysis of the effect of tank loss
on system response. An ldea of the results of thls type of program
Is shown in Figure 3-19. At best though, the system response to
loading with Aerozine 50 or MMH for the presumed values of ep will
degrade at higher loadings.

In the following theory sections severa! other techniques are
examined for sensitivity to provide an answer to the question of
whether another technique could be used to achieve a better loading
response,

TECHNIQUE B THEORY

The system response of Technique B is shown as a function of frac-
tional filling of the cavity with MMH, Aerozine 50 and NyO4 in
Figures 3-20, 3-21 and 3-22,

The present analysis should show the trend of the experimental
results to be expected and assist tn determining whether the tech-
nique shows a promising response.

TECHNIQUE C THEORY

Advantage may be taken of the uniform illumination of the cavity by
the RF energy which makes the resultant Technique C response of
the cavity independent of propellant location.

Predicted System Response

An evaluation was made of the predictions of theory for the system
response. The curves of Flgures 3-23 through 3-26 and Tables 3-7
through 3~10 indlcate the trend the measured variable could follow
with tank loading and they are not exact. In some cases such as
for NyOy, they are more non-iinear than the actual experimental
data. Because of this, 1t is felt that the actual response of

the C technique will always be better than these curves. Thus,
they constitute a lower bond to the expected sensitivity. All
curves are normalized to thelr full tank response to give an idea
of the variability in sensitivity that might occur with loading.
The non-linearity is inherent and would have to be taken care of
with a non-1iar function generator if a linear response were desired.

Again, as in Tachnique A, the lower values of dielectric constant
could make the response of Aerozine 50 and MMH more |inear.
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TABLE 3-7
RESPONSE OF N204

FRACTIONAL NORMALI ZED

FILLING RESPONSE
0.0 0.000
0.1 0.190
0.2 0.377
0.3 0.523
0.4 0.643
0.5 0.736
0.6 0.814
0.7 0.868
0.8 0.922
0.9 0.9€0
I.0 1,000

ndi
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TABLE 3-8

AEROZINE 50, MMH RESPONSE

FRACT | ONAL NOFw1AL 1 ZED
FILLING RESPONSE
0,000 0.000
0.025 0.227
0.050 0.413
0,075 0.534
0,100 0.620
0,200 0.752
0.300 0.863
0,400 0.915

0,500 0.942
0.600 0.958
0,700 0.970
0.800 0.977
0,900 0.992
1,000 ; 1,000
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TABLE 3-9

AEROZINE 50, MMH RESPONSE

FRACTIONAL NORMAL ZED
FILLING RESPONSE
0.000 0.000
0.050 0.311
0.100 0.489
0.200 0.722
0.300 0.818
0.400 0.877
0.50¢ G.913
0.600 0.943
0.700 9.967
0.800 0.977
0.900 0.988
1.000 1.000
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TABLE 3-10

AEROZINE 50, MMH RESPONSE

FRACTIONAL NORMALIZED
FILLING RESPONSE
0.00 0.000
0.05 C.237
0.10 0,422
0.20 g 0.623
0.30 0.743
0.40 0.828
0.50 0.868
0.60 0.925
6.70 0.938
0.8C 0.963
0.90 0.986
1.CO i.000
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SECTION 1V
EXPERIMENTAL STUDIES
4.1 INTRODUCTION

This section 1s an experimental evaluation of the theory outlined in
Section 1| which Included |) A dlscussion of the techniques needed
to perform dielectric properties measurement, and 2) An analysis of
three techniques of mass gaging for comparison purposes,

This section contalns an analysis of the dielectric measurement tests
that wera made, followed by the results obtained for loading responses
using the above techniques. The most satisfactory technique was pursued
In greater depth, to determine its response under reorientation.

4.2 DIELECTRIC PROPERTIES OF PROPELLANTS

The experimental results and a discussion of .these results concerning

the dietectrical properties of MMH, Aerozine 50 and N>O4 are presentad

in thic section. Several different measurement techniques were evaluated
with simulant liquids to ascertain their suitability for the actual
liquids of Interest. One of the techniques in Roberts-Von Hippel
technique outlined in Paragraph 3.3.4, Section |||, was additionally
evaluated with actual fluids.

Tests were also performed to determine the power transmission coef-
ficient for a bladder material sample provided by NASA-MSC. The power
transmission coefflicients were measured for the case of normally-
incident plane waves. The fests were performed in the frequency ranges
from 2 to 4 GHz and 8 tfo |2 GHz. The sampie was also tested using a
time domain reflectometer in an attempt to measure the vcltage reflec~
tion coefficient, ’

4,2.f Resonant Cavity Method = Pure Flulds

The resonant cavity technique was based on measuring the Q and resonant
frequency of a given mode when the cavity is empty and fllled with the
fluld. A detailed analysis is presented in Paragraph 3.3.4, Section |11,
These closed cylinders were made out of aluminum for use with the
resonant-cavity method. The dimensions of the cylinders are as
follows:

1) - 5.906" high and 2.954" diameter

2) 3.704" high and 2.954" diameter

3) 1.476" high and {.476" diameter

These dimensions were Inserted In a computer program, which yielded
the resonant freguencies of the first few modes.

4~
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The cavities cover a range from 2.5 GHz to 12 GHz, when excited in
the lower order modes. The cavities, together with a reservolr
cavity used for keeping the cavitles full of fluid were tested in

a sultable protected enclosure, See Figure 4~l. The experimental
setup s shown In Figure 4-2. |t was found that not enough power
could be transmitted through the cavities when NyOy or MMH was put
Into them, When the probe lengths were increased, some power could
be transmitted, but the mode pattern was distorted greatly by the
resulting overcoupling to the fleld in the cavity. Because of thie,
It was declided to abandon this method of measurement,

Resonant Cavity Method - Diluted Fluids

The next method fried was a dilution method outiined In Paragraph
3.3.4, Section |ll. |t is possible for the propellant to be diluted
with Freon, which Is relatively lossless. To simuiate this in the
laboratory, experiments were performed with mixtures of Methy!
Alcohol and Benzene using the experimental setup shown in Figure 4--2.
Mixtures were made of 0.1% alcohol in Benzene. |t was found that the
0% soiution was too lossy to measure using the resonant cavity tech-
nique. On the lower concentration, use of a slotted Iine with one of
the cavities gave the dielectric constant of a sample of Industrial
Benzene as 2.22 with a loss tangent of 1.54 x 10~4, Since no more
than a few percent concentration of alcohol could be measured, it was
decided that extrapolation up to 100% from the measured results would
be too inaccurate, and the method was abondoned.

RF

RF CRYSTAL

SWITCH
FREQUENCY N\ test | PETECTOR <:::i>
SOURCE o ey K

0SC1 .LOSCOPE

FREQUENCY
COUNTER

EXPERIMENTAL SETUP FOR DIELECTRIC PROPERTIES MEASUREMENT

FIGURE 4-2
4-3
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4.2.3

4,2.4

Von Hippel Method

The third method tried was the Roberts-Von Hippel method outiined in
Paragraph 3,3.4, Section Itl. Three X-band waveguide sections were
made up In brass., They were |/2", 3/8" and 1/10" tn length, and had
norma| waveguide flanges, The sections were each In turn connected
to tha end of a slotted Iine;, and a short circuit plate was connected
to the other end of the small section (Figure 3-6, Section t1l), The
VSWR was then measured using the ftwice-minimum mathod used by Von Hippel,
and *the position of the minimum was then roted. The .section was then
filted with the test liquid, and a thin mica sheet was used to seal
the section. The new VSWR and minimum positions were noted. From
these measurements, the dielectric constant and loss tangent were
calcuiated. The dielectric constant of Benzene was measured to
within * 0% of the value obtained from the suppliers. For a

giver sample of Transformer Oil, both the /2" z:.u 3/8" sections

gave the dielectric constant as 1.96 + 0,00 with a loss tangent of
0.002 at 6.7 GHz.

Experimental data was taken for other liquids such as Methyl Alcohol
(dieiectric constant ~ 20) and Ethylene Glycol (dieiectric con-
stant ~ 12}, These liquids were chosen because their elecirical
properties are simiiar to the propellants in question.

These liquids were chosen because their electrical properties are
simitar to the propellants In question. The relevant data for 3/8"
sample of Methyl Alcohol, measured in the 2 GHz fo 4 GHz region is
shown In Table 4-1 and the calculated dielectric constant and ioss
tangent Is shown in Figures 4-3a and 4-3b. The measured variation
in dlelectric constant follows quite closely that of Figure 3-3,
Section 1., This preliminary experimentation, coupled with the
fact that much experimentation with materials having dielectric
constants and loss tangents over the range of inferest has been
performed by Von Hippel, shows .that the technique 1s useable. Some
experimental procedures and the data processing need to beé refined,
but no major obstacles to the use of the technique are foreseen,

Dielectric Properties of Bladder Material

The power transmission coefficlents of the bladder material supplied by
the NASA-MSC were measured for the case of normzlly incldent plane waves.
This bladder material was measured tu determine if its presence would
have any effect on the distribution of electromagnetic energy in the
propel lant tanks.

For the tests In the 2 to 4 GHz frequency range, the sample was mounted
in a coaxial holder as shown In Figu > 4-4. A block diagram is shown
in Figure 4-5,

4-4
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TABLE 4-|
STANDING WAVE RAT!O DATA FOR 3/8" SPACER
FOR METHYL ALCOHOL, IN THE 2-4 GHz REGION
3 dB ABOVE 3 ¢3 ABOVE 3 ¢8 ABOVE 3 dB ABOVE
MINIMUM M1NIMUM MIN IMUM MINIMUM
FREQUENCY HIGHER READING| LOWER READING| HIGHER READING LOWER READING
2.40 16.42 15.92 16.60 16.51
2.45 17.74 17.20 18.05 17.97
2.50 19.13 18.49 19.5i 19.30
2.55 20.42 19.61 20.84 20.58
2.60 21.53 20.90 22.00 21.73
2.65 22.65 22.00 23.02 22.83
2.70 23.60 22.99 23.99 23.86
2.75 24.52 23.97 24.83 24.73
2.80 25.37 24.86 25.78 25.62
2.85 26.20 25.69 26.50 26.39
2.90 27.00 26.47 27.27 27.19
2.95 27.76 - 27.21 28.0! 27.95
3,00 28.41 27.93 28.73 28.68
2,05 - 29.12 28.59 29.44 29.38
3.10 29.77 29.28 30.13 30.08
3,15 30.40 29.9] 30.81 30.74
3.20 31.00 30.49 31.46 31.40
3.25 31.61 31.10 32,12 32.02
3.30 32.22 31.69 32.73 32.67
3.35 28.33 27.88 33,33 33.28
3.40 29.01 28.38 33,95 33.85
3,45 25.33 24.63 34,51 34,45
3.50 26.05 . 25.30, . 35.04 34,99
3.55 26.78 25.93 35.58 35.52
3.60 27.47 26,57 36.06 36.01
3.65 28.17 27.13 36.55 36.49
3.70 28.53 27.95 36.98 36.93
3,75 29.06 28.56 37.42 37.38
3,80 29.38 28.88 37.83 37.79
3.85 30.10 29.60 38.25 38.20
3,90 30.55 30.12 38.64 38.60
3,95 31.03 30,50 39,38 39.83

4-5
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The measuremen:s ware performed by a substitution method wherein the
power lavel was set by inserfing a sample-free holder in the circulft,
then the sample was placed itn the system and the transmitted power
measured. |t was estimated that this technique would measure a loss
of less than 0.! dB quite accurately. The experimental results are
presented in Table 4-2.

TABLE 4-2
TRANSMITTED POWER FOR A FREQUENCY RANGE OF 2 TO 4 GHz
FREQUENCY GHz POWER LEVEL dBm TRANSMITTED POWER dBm LOSS dB
2.0 5.0 +5.0 <0.1 dB
2.2 +5.0 +5.0 <0.1 dB
2.4 +5.0 +5.0 <0.1 dB
2.6 +5.0 +5.0 <0.1 dB
2.8 +5.0 +5.0 <0.1 dB
3.0 +5.0 +5.0 <0.1 dB
3.2 +5.0 +5.0 <0.1 dB
3.4 +5.0 +5.0 <0.} dB
3.6 +5.0 +5.0 <0.1 dB
3.8 +5.0 +5.0 <0.1 dB
4.0 +5,0 +5.0 | <0.1 dB

POLYSTYRENE DISCS

KC”ﬂszi;;7 OUTER

CONDUCTOR

= INNER
CONDUCTOR

N AN AN
N

AN

LADDER SAMPLE

COAXIAL HOLDER FOR BLADDER SAMPLE - 2 TC 4 GHz FREQUENCY RANGE

FIGURE 4-4
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TS-403/u

2 - 4 GHz THERMISTOR

MCUNT

SAMPLE

HOLDER HP 430C

| SIGNAL GENERATOR POWER METER

BLOCK DIAGRAM FOR EXPERIMENTAL SETUP - 2 TG 4 GHz FREQUENCY RANGE

FIGURE 4-5

For the tests in the 8-12 GHz frequency range, the sample was mounted
in a holder fashioned fromX‘band waveguide. The sampl2 was held in n
place between twoXx-band waveguide cover flanges as shown in Figure 4-6,
The experimental setup used is shown in Figure 4-7.

Again, the basic process by which the power transmission coefficient
was to be measured was to substitute a sample bearing holder into the
circuit after a measurement using a sample-free hoidei has been accom-

plished. As before, a loss of less than 0.1 dB should be measurable.
The experimental results are preszanted in Table 4-3.
TABLE 4-3
ATTENUATION CHARACTERISTICS OF BLADDER SAMPLE
NO SAMPLE WITH SAMPLE
FREQUENCY GHz PI dBm P2 dBm PI dBm P2 dBm LOSS dB
8,194 7.63 6.33 7.6G 6.30 ——
9,000 8.40 7.70 8.40 7.70 -
10.000 9.60 7.70 9.59 7.68 0.0l
11,003 9.32 9.08 9.32 . 9.08 ——
12,002 8.95 8.05 8.95 8.05 -—

4-9



The coaxlial sample holder was used In an effort to determine the voliage
reflection coefticient by means of the time domain reflectometer. The
results of the test Indicated that the voltage reflectlion coefficlent

of the bladder materfal is virtually Iimmeasurabie. it was concluded
that from the results of the power transmission tests and the voltage
reflection test that the bladder material was transparent to microwave
energy In the 2 to 8 GHz frequency region.

COVER FLANGE \\\lj--kﬂ”,COVER FLANGE

X~-BAND WAVEGU{DE
(RG 54/U)

BLADDER SAMPLE

HOLDER FOR BLADDER - 8 TO 12 GHz FREQUENCY RANGE

FIGURE 4-6
P
POWER I
METER ol
T _ . B ) i 10 dB
X=13 ISOLATOR WAVEGU I DE WAVE CfDIRECT IONAL
KLYSTRON [~ —®  switTcH ™ METER ﬂ COUPLER
? ; -
;
‘ ' P
) . POWER |21 SAMPLE | | 10 dB

e

. METER : HOLDER ATTENUATOR

BLOCK DIAGRRM OF EXPERIMENTAL SETUP - 8 TO 12 GHz FREQUENCY RANGE
FICURE 4-7
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4.3 TECHNIQUE A EXPERIMENTATION

4,3,1

Experimentation on the technique A outlined in Paragraph 3.4.l, Section
Itl, was directed toward verifying predicted system response to fluid mass.

Tests Conducted

Preliminary system tests were initiated to obtain uniform illumination
of the cavity interior. The experimental setup is shown in Figure 4-8.
The probe type antenna was then chosen for further tests. A propeliant
simulant, Transformer Oi! Type 10C, was then used in the cavity in
order to optimize the system response range. The properties of Trans-
former Oil (Type 10C) are in correspondence with those of N20Oy4.

RF

SWEEP OSCILLATOR SPS TANK ‘<] STRIP CHART

CRYSTAL
DETECTOR

RECORDER

EXPERIMENTAL SETUP FOR PRELIMINARY
SYSTEM TESTS ON TECHNIQUE A

FIGURE 4-8

A series of tests were run with the scale model SPS tank wlth the
internal hardware. The results of the partial loadings are shown
in Figure 4-10 which correlates with the theoretical curve of
Figure 3-27, Section |1l of this report.
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A loading test was conducted for |0% incremental loading of Trans~
former Oil. The desired response was obtalned for the tank in the

vertical horizontal and inverted pasitions.
experimental setup used,

filling.

CIRCULATOR

CRYSTAL L.

DETECTOR &p

RF SWEEP
OSCILLATOR

Figure 4-9 shows the

The data obtained is shown in Table 4-4
and the average value of the response is plotted in Figure 4-10.
Tab!e 4-5 shows the response various angular positions for a 50%

N

-

DATA PROCESSOR

S!NGLE ANTENNA EXPERIMENTAL SYSTEM

FIGURE 4-9
TABLE 4-4
LOADING DEPENDENCE - SPS TANK EXCLUS!VE OF INTERNAL HARDWARE
FRACTIONAL FILLING RESPONSE *
VERTICAL HOR| ZONTAL LNVERTED
0.0 265 265 T 265
0.1 173 159 162
0.2 152 132 133
0.3 123 14 112
0.4 N 100 98
0.5 104 96 93
0.6 102 83 90
0.7 9] 90 86
0.8 90 82 15
0.9 99 84 80
1.0 78 78 18
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TABLE 4-5
RESPONSE FOR A 50% LOADING TANK AT VARIOUS ANGULAR POS!TIONS TO VERTICAL

ANGULAR POSITION (DEGREES) RESPONSE
10 107
30 116
45 113
60 104
75 105

The tank was then assembled with all its inte -al perturbations to
study the effect of the perturbations on the response, The tank was
set up such that uniform tank illumination was obtained. Table 4~6
shows the response obtained.

TABLE 4-6
LOADING DEPENDENCE - SPS TANK INCLUSIVE OF ALL INTERNAL HARDWARE
RESPONSE
FRACTIONAL FILLING HOR!ZONTAL VERTICAL INVERTED
0.0 235 235 235
0.1 187 169 i8!
0.2 142 31 127
0.3 16 115 99
0.4 112 104 97
0.5 100 29 94
0.6 92 88 78
0.7 80 70 70
0.8 77 67 76
0.9 73 62 77
i.0 72 70 72

4,3,2 Discussion

In comparison with the response of the matched tank without Infernal
perturbations, the above table was in ciose agreement, even though

the volume was reduced by approximately 15% due to the internal pertur-
tations.
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The response of the empty tank ylelded response Indicative of the new
volume, However, the response shown in Figure 4-~12 was comparable to
the expected response with a loss sensitivity beyond the 40% fill point.

TECHNIQUE B

On the basis of the analysis outlined in Paragraph 3.4.3, Section 111,
experiments were conducted to study the response obtalined from
Technique B. Testirng was performed on a limited basis with Transformer
Ofl as a simulant for N204 to verlfy the theoretical predictions out-
Itned In Section I1t,

Tests Conducted

Preliminary tests were conducted to confirm the optimum response. These
tests were conducted with the experimental setup In Figure 4-ii, over
varlious frequency bands and the results are shown in Figures 4-13
through 4-16, The general trend of the curves shows a high sensitivity
for small partial ¢!ilings but no sensitivity at higher filtings. The
discontinuities present in the response are attributed to the fact

that the i!lumination was not yet uniform.

PROBES CRYSTAL
SWEEP / PETECTOR | poytr STRIP
GENERATOR jg METER CHART
SPS TANK RECORDER

BN YA Y
RANSFORMER
OtL

EXPERIMENTAL SETUP FOR TECHNIQUE C ON 3PS TANK

FIGURE 4-11
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A probe antenna was used, and the tank pesttiched in a manner such

that the probe was out of liquid at all times.

experiment are shown In Table 4-7.

The results of the

TABLE 4-7
STATIC LOADING TEST-SPS TANK
TECHNIQUE B
FRACTIONAL FILLING RESPONSE

0.0 117.0
0.1 02,0
0.2 96.0
0.3 94.4
0.4 92.8
0.5 91.3
0.6 90.5
0.7 86.4
0.8 86.4
0.9 83.2

4.4.2 Discussion

The response is shown in Figure 4-17.
4-18 that the response was similar to the Technique A, with a Ioss of
sensitivity for loadings above 30%.

I+ is apparent from Figures 4-i2 and

The response for NyO, would be of the same form with a sensitivity tmproved
to a small extent. However, ftne response for MMH and Aerozine 50 would

not be of any differecnt nature than the response shown in Figure 4-i7., This
statement is made from a comparison of the predicted response of NyOs and
Aerozine 50 or MMH. If reference is rade to the theory Technique B8
(Paragraph 3.4.3, Section tl1) the response for all these propeliants is
nearly the same. Thus, no real diffeirence should be expected between the

response of the system to these three fluids.

Differences could possibiy

show up if a more exact analysis is made, but i+ is not expected that a
significant difference between the more exact and approximate theory woulid
be found. This is founded on the comparison of the general form of the
approximate theory and the experimental results, which both show a decrease

in system sensitivity at higher fractional fillings.

4.5 TECHNIQUE C

On the basis of the theory outlined in Paragraph 3.6, Section |11, experiments

were conducted to prove the feasibility of Technigue C.

A determination of

the overall system response to fluid loading and the proper tank illumination
for reorientation of the tank were the experimental goals.

4-2|
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4.5.1 Tests Conducted

The data obtained from Technique C are shcwn in Table 4~8, where the
cylindrical axls of the tank was vertical (tank vertical). Table 4-8
Is the data for a particular decision conditicn in the data processor.

TABLE 4-8
LOADING DEPENDENCE ~ TECHNIQUE C
FRACTIONAL FILLING VERTICAL HORIZONTAL tNVERTED
0.00 105 105 {05
0.10 131 125 130
0.20 159 145 152
0.30 166 ol 169
0.40 181 171 199
0.50 189" 157 137
0.60 130 123 133
0.70 142 147 24
0.80 130 135 149
0.90 125 129 126

The response Is shown in Figure 4-18. The response was almost Iinear unti! the
40% loading, after which the response deteriorated. This could be atfributed to
either the presence of Iiquid around the antenna or tc¢ the characteristic response
of the tank. Going to the liquid effect on the antenna, the deterioration in
response was found to occur with a Teflon guard around the antenna. The Teflon
antenna guard was then replaced by a Kel-F guard. As the dlelectric characteristics
of Kel~F are similar to Transformer Ol!, no impedance change should be found as
the liquid nears the antenna. The partial response Is shown in Figure 4-19,
showing that the non-iinearity was still| present. Varying the diameter of Teflon
and Kel-F guards was found to have no effect on the response. It was then felt
that the reason for non-llnearity in the response was due to the characteristic
response of the tank.

In order to check the characteristic response, the tank was put in a horizontal

position such that the antenna was elther out of liquid at all times, or the
antenna was in liquid at all times., Loading tests were ccnducted for both cases.,

4-24
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The results are shown in Tatle 4-9.
TABLE 4-9
STATIC LOADING TEST - SP3S TANK
TECHNIQUE C
FRACTIONAL FILLING RESPONSE
IN LIQUID | OUT OF LIQUID

0.1 — 140
0.2 330 146
0.3 368 i58
0.4 358 151
0.5 338 145
0.5 366 153
0.7 368 155
0.8 361 65
0.9 356 179
1.0 366 ———

The response obtained is shown in Figure 4-20. The non-linearity was stitl

present around the 40% point, This suggested that it was not due wholly to

the presence of the liquid. The experiment was repeated with the antenna In

fiquid at all times. The response obtained is shown in Figure 4-21. This

response had no resemblance to the response obtained with the antenna out of

liquid. Thus, the response shown earller (Figure 4-i8) could be attributed

to the presence of the liquid around the antenna as well as the tank characteristic.

A response was alzo recorded for the antenna In and out of liquid to obtain a
comparative study between the two types of responses, f{.e,, Technique A and
Technique C. Table 4-10 shows the data obtained for Technique A in and out
of iiquid for an incremental loadling.
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TABLE 4~10
TECHNIQUE A RESPONSE FOR PROBE IN AND OUT OF LIQUID
4 FILLING RESPONSE

IN ouT
10 148 140
20 112 110
30 95 86
40 102 75
50 89 73
60 87 69
70 78 67
80 85 69
90 70 65
100 78 69

The two responses are plotted in Figures 4-22 and 4-23.

The change in response due to the presence of the liquid was attributed to the
disturbance of the electric field around the antenna by the dielectrlc.

To reduce the effect of the variance in the electric field, the probe was re-
placed by a loop antenna. The loop couplies more strongiy to the magnetic field
than to the electric field, thus reducing the influence of the liquid on the
antenna. A loading.curve, with the loop out of liquid produced a response shown
in Figure 4~24 and in Tablie 4-i1.

It is seen that the overall system response to fluid loading is now fairly |inear
over the lcading range, 10 to 90%.

TABLE 4-}1
STATIC LOADING TEST-SPS TANK -~ TECHNIQUE C
FRACTIONAL FILLING RESPONSE

0.1 130
0.2 144
0.3 149
0.4 161
0.5 158
0.6 150
0.7 165
0.8 165
0.9 177

4-29
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A radome then was placed over the antenna in order to reduce the effect of the
fluid on the electrical fleld near the antenna. This altered the coupling, thus
the experiments were repeated. The tank was positioned such that the antenna
was in or out of liquid at all times. This produced responses shown in

Figures 4-~25 and 4-26, and the data s shown in Table 4-12,

TABLE 4-12
STATIC LOADING TEST-SPS TANK-RADOME PROBE GUARD
FRACTIONAL FILLING RESPONSE

IN ouT

0.1 36 36

0.2 50 40

0.3 68 53

0.4 82 70

0.5 88 79

0.6 93 83

0.7 99 81

0.8 95 77

0.9 8i 76

1.0 77 -

In comparison with the response shown in Figure 4-2(, which was for a probe
antenna in liquid, a great improvement in response was obtained due tc the

change in coupling.
strong and therefore non-|inear.

repeated. The irosponses obtalned.with reduced coupling are shown in Figures 4-27
and 4-28, The data Is shown in Table 4-13.
TABLE 4-13
- STATIC LOADING TEST-SPS TANK-LOOP ANTENNA
FRACTIONAL FILLING RESPONSE
IN ouT
0.0 {0 5
0.t 42 46
0.2 54 56
0.3 74 70
0.4 85 80
0.5 90 83
0.6 93 85
0.7 97 92
0.8 26 100
0.9 84 96

The response does suggest that the coupling was too

The coupling was reduced and the experiments
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It Is apparent from the similiarity of the responses that the effect
of the liqulid present near the probe Is greatly reduced, due to the
Improvement in coup!ting and the radome shielding the Ioop antenna from
the liquid. The non-ilnearity is attributed to some overcoupiing still
present in the system,

The coupling was altered, and a partial loading test conducted, in order

to verify the expected |inearization of the response. The loading tests

were conducted with the cavity in the two positions, t.e., antenna out

of liquid at all times, and antenna In |iquid at all times. The response
are shown In Fiqures 4-29 and 4-30.

The form of the responses were similar, but the slope obtained with the
antenna out of liquid was lower than in liquid. This was still attributed
to the change in coupling due to the presence of the liquid.

A vertical loading test was conducted with a change in coupling and the
response obtained shown in Figure 4~31. The response was linear with a
maximum deviation from ilnearity of 3% of the full scale readings. This
deviation was present at only one filling. The remaining loadings
deviated * 1% of the full scale reading. The test was repeated with the
tank at an angle to the vertical to verify repeatability. The response
is shown in Figure 4-32. The deviation from |inearity 1s more pronounced
where the antenna is first immersed in the iiquid.

Discussion

Technique C yielded the most favorable response of the three gaging
techniques studied with a large degree of repeatahility, The main
problem to be overcome is the effect of the dielectric on the antenna.
It is felt that this could be achieved by fabricating a large radome
of low dielectric constant which would keep the liquid away from the
antenna. This feeling is based on the fact that the response with
dielectric loading was nearly linear as long as the probe did not
penetrate the liquid., Since the fabrication of the radome involved
changes on the tank, 1t was feit that this was fime consuming at

this stage, and thus, was not performed.

A comparison of the experimental data in Paragraph 4.5, with the
predicted response for N204 shows that the experimen+a| data was
more |inear than the predicted response, A good comparison of The
theory and experiment though still exists, which makes it worthwhile
to use the predicted “=sponse for Ny04q ang Aerozine 30 as a guide for
what to expect of t+  technique for those fluids. It appears that
operation of the system in a tank which exhibits & fair loss over a
frequency region where the dielectric constant and loss tangent of
the fluids is reduced from thelr 100 MHz values gives some sensitivity
at high ifoading. This is in contrast to the Technique A or Technique B
which predict almost total loss of sensitivity at high fractional
loadings. Agaln, making use of the fact that the N,O, response is
more |inear (simulant used) than expected, the pradic$ed Technique i
response for Aerozine 50 and MMH would be expected to be more |inear
also, This would lead to less of a loss of sensitivity at high
loadings. |t would thus appear that more expectation of a useful
system sensitivity over the full filiing range could be made for
Technique C with Aerozine 50 and Ny04 than with the other two techniques.
4-39
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SECTION V

IMPLEMENTATION OF THE RF TECHNIQUE

INTRODUCT ION

The following section gives a description of the elements required for
the Impliementation of the RF gaging teckniavaes as flight hardware, The
elements were selected for their abllity to meet both ths electricai
and environmental system design goals given in Section 11,

In the first part of this section the system operational components,
characteristic sensitivity, and accuracy are given., Wext the components
are detailed as to their principle of operation and ability to meet or
be designed to fulfill the system goals. Because many of the components
are the same in each system, they are presented as a group to avolid
repetition, Where differences do exist as in the data or signal proces=-
sor, they zre presented relative to each system.

Some remarks on failure effects and reiliability are made for critical
components, These are of a preliminary nature only, though, because of
the present state of the system definition. A future definition of the
system components in greater detail wiil permit a compiete faiiure effect
and reliability analysis to be made. This definition is cutlined in the
recommendations, Section VIil.

SYSTEM CHARACTERISTICS OF RF GAGING TECHNIQUES

From the theoretical predictions of Section 11l and the experimental
results of Section IV an outline of the sensitivity and accuracy of the
three RF gaging techniques can be presented. A block diagram of each
system is presented along with its operational sequerice.

These responses to propeliant ‘'oading for each system are based on the
accompanying block diagram and operational sequence, The comporents

which will perform the operations are presented in the following discus-
slon of clircuit components.

Techniqus A

The implementation of a Radlo Frequency Gaging Syéfem utilizing
Technique A is shown In Figure 5-1.
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The use of this technique or the other ftwo for gaging a number of tanks
appears feaslble. To do this the output of the RF oscillator its switched
to the desired tank as shown in Figure 5-2,

OSCILLATOR

RF RF 2 -
DSCILLATOR OSCILLATOR —] 2 DATA
PROCESSOR
RF
OSCILLATOR |
‘ n
|___|PROGRAMMER

L !

e O ‘

MULTIPLE TANK EXCITATION
FIGURE 5-2

The switching Is carried out by the programmer sending a pulse to close
the proper RF switch and a pulse to the data processor instructing it to
select the response curve proper for that tank. The sequencing could be
repetitive with an updated readout available for each tank once in the
sequence or by command for only a given number of the tanks after some
are emptied.,

[f the tanks have widely different excitgtion requirements, several

RF oscillators may be needed to cover Tﬁza?requency ranges required. These
could be selected so that the data processing hardware would remain the
same and additlonal switching and programming would be added. The setup

of the RF osclllator switching is shown in Figure 5=3,

5-3



i Instrur ants &

Life Support
Division
RF RF
OSCILLATOR #| SWITCH
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& TANK
RF RE SWITCHES
OSCILLATOR #2 SWITCH
BN

5.2.2

TO PROGRAMMER

¥

RF OSCILLATOR SWITCHING FOR MULTI=~RANGING OF GAGING SYSTEMS
FIGURE 5-3

Hardware such as:the switches and sequencers would be the same for all

three techniquas because of the similarity of the excitation, Multiple
sub-units in the data processor would probably be needed to convert the
processed signal to mass using the characterictic response of each tank.

The accuracy of the system can be obtained from a combination of the
information on the uniformity of the RF illumination and the sensitivity
wire for a particuiar fuel.

The accuracy curve for the three propellants for technique A is shown in
Figure 5-4, |t can be'seen that the inaccuracy is small for low
fractional filling but rapidly increases with increased loading. The
predicted inaccuracy does not fall within the goals, but shows a use~
fulness for gaging small amounts of fuel very accurately.

Technique C

Paragraph 3.6, Sectien 111, of this report, describes how the response
of Technique C changes as propellant mass is loaded into the cavity.
A block diagram of *+he Technique C of RF gaging is shown in Figure 5-5,

As before with the Technlique A, an expected sensitivity and mass in-
accuracy curve can be made for the system. The following curves are glven
for a signal processor which takes the signal from the preceding circuit
and finds the difference betweer it .and a preset constant. This is done
to give an increasing output with Incieasing loading.
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The * 0.5% inaccuracy in response is combined with a normalized system
sensitivity curve, Figure 5-6, obtained from Figures 3-23 and 3-26,
Section 111, and a mass accuracy obtained as in Paragraph 5.2.1. The
result is shown In Figure 5«7. [t can be seen that the inaccuracy is
below  0,5% up t0.25%, loading for Aerozine 50, MMH and up to 40% loading
for N2O4. Actually\the inaccuracy will probably be lowered to 0.5%

for NoO4 over the enfire loading range and fo about * 2% for Aerozina 50,
MMH dua to the .Linearlzatiaon .of .the sensitivity curve indicated by the
experimental data for: Transformer Oil,

5.2.3 Tachnrgue:B‘

The -block diagram of the sysfém required for the implementation of
Technique B Is shown in Figure 5-8.

The system respeonge curve and mass accuracy are plotted in Figures

59 and 5~10, They werg obtained In the manner previously outlined

for Technique A, The normallzed response curves are taken from

Figures 3-20 and 3-2|, Section Ill, while the response 1naccuracy due
to 11lumination non-uniformity is taken as * 0.5%, |t can be seen that
the inaccuracy ts above * 0.5% for 16% loading for Aerozine 50, MMH,’
and for 28% loading for N,O4. This Inaccuracy Is less than that of
Technique A, but still more than Technique C. '
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5.3 CGOMPONENT CHARACTERISTICS

Because many of the components are common to the three systems,

they are not discussed individually for each system, except for the data
processors, The data niocessor for the Technique A is more complex

than that needed for the other two techniques.

The selection of component types for the systems was limited to those

types which could meet the design goals of the system. The characteristics
of. the components which will allow them to meet the design goals are
contained in the discussion of each component,

5.3.1 RF Osclllator and Sweep Generator

The purpase of the swept RF osci!liator is to provide a signai source or
excltation for the tank (resonant cavity). The importance of the

swept RF source necessitates a discussion of the RF voitage-tunable”
oscilliator. :

For flight hardware systems wtare power and weight requirements are
critical, a soltd=~state RF source can be used. Soiid=state sources,
tunable over an octave, can be used to a frequency of 2 GHz. Present
technology has shown that solid-state RF osclllators with octave

tuning are practical, but are generally limited tfo low-power appiications.
Due to the low RF power required to excite the tank or cavity, develop-
nent of an RF solid~state oscillator is practical at this time. Since
the development of a solid-state RF source is critical to the compietion
of the project, a prototype tunable osciliator was designed, bullt and
tested. The oscilliator uses a Ti~S13 coaxial transistor, an AEL BI20040B
varactor and coaxial resorating eiements. A cross-sectional drawing of
the osclilator is shown in Figure 5-11, and a2 schematic representation is
shown in Figure 5=12. Coaxial rather than stripline construction was
chosen because 1t has superior environmental immunity and greater
short-term stabtlity due to the higher Q's of the resonating elements.

The oscillator uses a common base configuration with the resonating

element in the collector circuit. The resonating element co-sists of

a length of coaxial ftransmission iline approximately one-tenth wave length
long terminated with a varactor. At the emitter terminai on the transistor,
the fransmission |ine-varactor combination is electrically equivalent to

a voltage variable indyctance. This inductance resonates with the

col lector-to-hase capacitance of the transistor,

Tnere is an optimum relationship between transmission line length, trans-
mission line impedancs, and maximum varactor capacitance to obtain maxi-
mun frequency variation for a given transistor emitter-to-base capacitance.
One method of computing this relationship was developed by C, N. Herbert
and J. Uhernaga.!4 This method does not, however, usually result in
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practical or realizable values of franmsmission line impedance. In develop~
Ing the prototype, a varactor was selected having a reasonable compromise
between Q, minimum and maximum capacitance change, The length of frans-
mission |tne between the transistor and varactor was chosen on an experi-
mental basis in order to obtain the maximum frequency variation for the
tctal capacttance change,

The osciilator will functien when the feedback is through the emitter=
collector capacitance within the transistor, or through coupling between
emitter and collector as a result of the common base, Either or both
feedback mechanisms may be, in effect, any particular frequency. Significant
output power was not obtained from this sfructure until a small 4-picofarad
capacitor was added from the emitter to ground. This additional capacitance
apparently altered the emitter circuit impedance to achieve a more optimum
phase condition for feedback.

The output ts AC coupled from t : collector circuilt by adjusting a flat-
ended pickup probe near the center conductor. The axial location of the
connection was determined experimentally by obtaining maximum fiatness of
output power versus frequency. Typical plots of output power versus
frequency for two locations are given In Figure 5«13, In the best locatian,
the output power was 16 * 2 dBm from |.1 to 2.0 GHz,

The tuning characteristic, i.e., the output frequency versus varactor
voltage is glven in Figure 5-14. No attempt has been made in the prototype
to lineate this tuning characteristic since a nonlinear sweep may be desired.

The results obtained with the prototype cleariy demonstrate the feasibiiity
of an octave bandwidth, solid-state, voltage tunable, RF osciliator, The
prototype is voltage tunable, with a power output of at least i2 dBm, over
a range from I.l to 2.0 GHz. The overall package is compact, electricaily
efficient and could be made rugged erough to withstand extreme environmental
conditlions,

The present specifications for the oscillator are given balow:

RF_Performance Typical
Nominal Frequency Band 1.0 to 2.0 GHz
Power Output info Load VSWR = 1,25 40 mw
Power Output Variation 4 dB
Fine Gain, Variatioen 1.5 dB/50 MHz max.
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Specifications (Con't)

Spurious Oscillation

Ratio of Signal to 2nd Harmonic Output 30 dB
Ratio of Signal to al! other Spurious 60 dB
Outputs
Output Impedance 50 ohms
Sensitivity to Supply Voltage 0.3 MHz/v
Lesidual FM, Peak to Peak 5 KHz
Frequency Drift, =30°C to +65°C 5 MHz
Pulling Figure, VSWR |.5:1 at any phase 5 MHz

5.3,2 RF Cables

A large number of designs of flexible coaxial cables are now available
for RF use. High frequency cables have the common feature of a solid
dielectric of stabillized polyethylene separating the inner and outer
conductors. The inner conductor may be solid or stranded, and ic
usually copper. The outer conductor is a single or double layer of
braid, usually copper, which may or may not be tirned. The outer
protective cover is usually vinyl, and in some cases armored for addi-
tional protection.

At low frequencies, the attenuation in a cable is primarily the result of
conductor losses; and, therefore, increases as the square root of the
frequency, Dielectric losses increase linearly vith the frequency, and
become increasingly Important at high frequencies. When these losses

are appreciable, the cablie attenuation is highly sensitive to frequency.
Consequently, the cabling required for instrumenting a system should be
minimized to avoid excessive power loss.

Fwperience has shown that repeated flexing of RF cables may cause the
center .onductor to shift in the dielectric insulating material, causing
variations (n the characteristic impedance of the cable, The use of
armored cables, with mechanical supports, Is recommended ‘o prevent

this occurrence, .

Cables used in the RF system should have low atten.ation characteristics
as well as low VSWR ratings. The use of semi-rigid cable in the system
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will Insure that additional modes will not be generated due to the
movement of the cabl!#, Specifications for the proposed cables are given
below:

Machanical

Outer Conductor Diameter 0.141"
inner Conductor Diameter 0.036"
Minimum Bending Radius - 0.125"

Electrical
P — S ———

Characteristic Impedance, 50 ohms
Capacitance ' 30 pF/fv
VSWR .05 or less
. @ 0-106 Hz
Attenuation 11.5 dB/100 f+
@ | GHz,

2].1 dB/i00 ft+
@ 3 GHz,

Circu]aTor

A circulator is.a ferrite device with more than two terminals with a
charecteristic that the input to the Nth port appears as the output from
the (Nth + 1} port, and theoretically gives a zero output from any other
port. A circulator can be used in the measurement of the reflected RF
energy that is not transmitted or coupled into a termination, For the
proposed systems, the circulator will be «:ed to isoiate the RF input
from the output, and to pass the reflected power as shown in Figure 5~i5,

Probes

The radlo frequency probe, oy antenna, is used as a means of coupling
energy into and out of the tank or cavity. Basically, the possible
antenna configurations are of two types, the loop and the monopole.

The monopeale antenna is best suited for coupling electric fieids into a
caity, To provide electric field coupling, the center conductor of a
coaxlial cable is extended, as a probe, into the cavity and will couple “»o
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RF REFLECTED | LOAD

POWER FROM LOAD

PORT #3

RF REFLECTED POWER
TO MATCHED LOAD
(CRYSTAL DETECTCR)

BASIC CIRCULATOR

FIGURE 5=15
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the cavity 1f it is orientated with a component of the electric field
within the cavity. In coupling to a cavity with a monopoie, the electric
field of a mode terminates on the probe, inducing a current in it. Con-
versely, a voltage applled to the probe produces electric fields Inside
the cavity that may excite oscillations. This is a form of capacitance
coupling, the magnitude of which is determined by: 1) The surface that
the monopole exposes to the electric field, and 2} The intensity of the
electric field at the position of the probe in the cavity. Thus, (for
example) the maximum coupling is obtuined in a cylindrical cavity opera=
ting In the TMy o mode when the excitation probe is located on the end
plates of the cylinder, However, the coupling to this mode wili be zero
if the probe projects into the cavity from the side wall instead of the
end wall,

Magnetic coupling to the cavity (tank) may be orovided by terminating the
center conductor of a coaxial cable in a loop so that magnetic flux within
the cavity will be coupled fo the cable. A current passing through such

a loop will excite oscillations within the tank. Converseiy, osciilations
within the tank will induce a voltage In the coupling loop. The magnitude
of the coupling can be readily controlled by the orientation of the foop
and its location with respect to the magnetic tield.

From the above discussion, it can be seen that the location, type and
length of antenna used in the RF gaging system is important. The

probe and cable could be made to be compatible with the fueis and the
pressure and temperature environment within the tanks by proper selection
of materials an method of instruction. The probe wili be protected by

a teflon radome housing so that only the far field of the probe is
affected by the material within the tank.

RE Signal Devector

Detectlion of the RF energy coupled through a tank is accomplished through
the us3 of a crysial or diode detector, Detection of RF energy is acromp-
lished by recovering from a modulated wave, a voltage or current which
varies in accordance with the moduiation present on the wave.

Detection of ampl:*ude~modulated waves is ordinarilv accompiished by

means of a diede rectifier. A simple circuit for a diode dctector is
shown in Figure 5=~16.

5-21



b

Instruments &
Life Support
Division

o
-

DIODE DETECTOR CIRCUIT
FIGURE 5-16

At each positive peak of excited voltage, the capacitor charges up to a
potential equal to the peak of applied voitage. ODetween peaks, the charge
in the capacitor discharges through resistor R. The result is that the
detector follows the envelope of the RF signal produced by the tank. At
frequencies above 1,000 MHz, a silicon crystal diode rectifier (crystal
detector) is most commonly used.

The RF signal detector that will be used will be a low-power crystal
detector., I+ will have a signai-to-noise ratio of approximately 60 dB.
The specifications for 7 suitable crystal detector are ."own below:

Maximum !nput 100 miliiwatts peak
or aveiage

impedance 50 ohms

VSWR 1.2: | maximum

Frequency Response + 0.2 4B maximum

Frequency Range .0 GHz to 2.0 GHz

Sensitivity ‘ 0.4 uV/uW minimum

Dynamic Range 40 dB

Square lLaw + 0.5 dB variztion

From squar. taw up
to 50 mV peak

Dete~tor Element Diode
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SECTION VI

CONCLUS IONS

The basic program covered herein was set up to evaluate the feasibility o7
using the RF technique to measure the mass content of the SPS tanks in the
LEM System, and to relate the results of this study to other similar appii-
cations. On the basls of the theoretical predictions, experimental data and
hardware study, given earller in this report, the following conciusions can
be made:

t)

2)

3)

4)

5)

6)

An electromagnetic fieid can set up within the tank for all conditions
of propellant fiiling and distribution which is uniformly infiuenced
by the presence of the propeilant. The non-uniformity is iess than

+ 0.5% of the measurement range.

Three RF-based mass measurement techniques can be postulated, using
this uniform-1ilumination theory.

Sensitivities of greater than * 0.1% could be realized using Technlque A
for propeliant loadings of up to i10%. However, in Technique A, the
sensitivity of the measurement parameter is ilimited as propeliant con-
tent is increased for propellants, such as Aerozine 50 and MMH.

The sensitivity of the measurement parameter is nor simiiariy limited
if Techniques B and C are used. Basic sensitivities of * 0.i¢ are
thearetically possibie, using these techniques. The sensitivity of the
proposed systems for a given propeilant, will be dependent on the tank
content,

The accuracy of the three techniques is limited by the non-uniformity of
the infiuence of the propeilant on the electromagnetic fieid and the
sensitivity of the measured parameter. The non-uniformify is essentialliy
constant over the entire loading range for all propeliants while the
sensitivity is a decreasing function of ioading. The overail resv’'t is
an accuracy which decreases with increased loading for all nropel. +s,
Technique C shows the most promise of meeting the * 0,5% accuracy goal
with all propellants, whiie Techniques A and B couid have an inaccuracy
less than * 0.5% for a low tank content, but not for a high tank content.

The maximum response time for a gaging system operating on each of the
three techniques explored can be 0.2 second or less. Sweep sources for
tank excitation and signal processing components are avaiiable which
can provide a measurement in less than 0.2 second.

The system can be made compatibie with the Apollo or LEM propellants;
NoOy-Oxidizer, Aerozine 50 and MMH fuels.
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8)

9

i0)

D)

12)

i3)

14)

15)

Initaliation of the proposed gaging systems iato propulsion system tanks
will require minimal modification of existing tank structures. This
instaliation wiil consist of a probe which can be mounted through the
tank walls or on the center stand pipe.

Gaging system accuracy can be mainitained independent of tank pressure.
Temperature effects on the fuels can be compensated for in the gaging
system design.

Theoretically, +he vibration and acceleration goals should be met by
such a gaging system, but they were not verified experimentally.

The maximum system weight should be below 20 pounds, exclusive of
cabling, with the use of transistorized microwave sources and integrated
circults in the data processor.

The system power requirements can meet the 28 volts, | ampere, continuous
current with limited 5-second, 5~ampere current surge requirements.

Thé system output can be made avaiiable as parallel and serial binary
signals, or O - 5 VDC analog.

The system can be adapted 1o a variety of tanks because of the ability
of the RF technique to uniformly illuminate tanks of arbitrary geometrical
shape.

The systems are capable of providing mass gaging for a quantity of separate
tanks. A minimum of additional hardware would be needed to cover more than
one tank if the other tanks are similar to the first.

The dielectric properties of the propellants are not satisfactorily known
over the frequency range of interest. A method is available to make the
necessary measurements, and a program to measiire these properties should
be followed to assure adequate gaging system design.
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SECTION VI

RECOMMENDAT T ONS

INTRODUCT I ON

On the basis of the study program accomplished by Bendix, the use of Radio
Frequency technliques to gage propeliant mass aboard orbiting space vehicles
has been proven feasible. The Bendix Corporation recommends that a hard-
ware development program be Initiated, which will result in The implementa-
tion of Technique C as a breadboard system.

The development aof 2 breadboard system is recommended in order io assure

that a physicaily reallzable RF Gaging System can be impiemented. Aithough
subassembl ies have been fabricated and tested during the feasibility study,
a complete system has not been fabricated. Fabrication and test of a com~

piete breadboard system wili allow adequate definition of a tiight proto-
type, and will provide a test bed for the solution of anv unforeseen problem
areas.

HARDWARE DEVELOPMENT PROGRAM

The foliowing tasks are recommended in order to provide further deveiopment
of a RF Gaging System for orbiting space vehicles:

Task | - DESIGN BREADBOARD SYSTEM

The design of a breadboard RF Gaging System wiii be based on the
design parameters establishea from the feasibility study. The
breadboard system will use all of the components, or their functional
equivalent, required for a prototype system, The breadboard system
will not include packaging to a final configuration; however, it
wiil be packaged to a level sufficient to ailow testing with scale
rodel propeliant tanks. The following tasks wiil be pertormed in
the design phase:

a) Design

The tank probes, electronic circuits, mechanical parts, and
interconnecting elements required for signal conditioning and

. data processing will be designed. Any mechanical parts re=-
quired for the system will be selected to meet the environ-
mental requirements. Special atftention o compatibility re-
quirements will be given to any components which will come intfo
contact with the .ropeliant. All mounting hardware required
will be defined.
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c)

Propelliant Measurements

The Roberts-Von Hippel technique should be perfected for
measuring the properties of liquids such as glycoi, benzene,
etc., before being applied to the propellants in question.
The properties of the propeliants NyOy, Aerozine 50 and MMH
should then be measured over the frequency range of interest.
This should Include the determination ot ‘*he eftfects of
temperature on the propellants in order fo decide whether
temperature compensation methods are needed for the gaging
systems,

Theoretical & Experimental Studies

Further study will be made to better define the theoretical
basis for Technique C as a means of mass measurement with
respect to the propellants in question. Experiments, up fo
da?éz have not Indicated any further problems besides the
{iquid effect on the antenna. The theoretical study should
also be used to acetermine whether any major hardware problems
will be encountered in implementing the techniques. Methods
of overcoming these problems will be outlined which may be
evaluated by experimentation.

Task 2 - FABRICATE EXPERIMENTAL HARDWARE

Task 3 -

Task 4 =

On the basis of the design studies, the necessary hardware wili be
fabricated for experimentction. These experiments will be conduct=
ed In order to verify the systenm characteristics predicted by the
design studies. These characteristics would include sensitivity,
accuracy and response time under the expected environmental condi-
tions. These experiments will be conducted with and without tank
Internal perturbations in order to study their effect on the
accuracy and sensitivity of Technique C.

EVALUATE SI!GNAL PROCESSING DESIGN

The electronic means of signal processing necessary to achieve a
mass readout will be evaluated on the basis of system accuracy

and sensitivity, Invariance to propellant position will be verified
by experimentation with scale model propellant tanks.

SPECIFY SYSTEM COMPONENTS

A specification of the system components required for a total
mass gaging system will be made. This specification will include
system operational characteristics relative 1> the worst tank,
propellant and environmental conditions. Ccaponents will be
chosen that are suitable for flight hardware.
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